Improving protein stability in unnatural and suboptimal environments is a promising application of protein engineering technology. Carefully designed amino acid alterations may lead to dramatic positive effects on the stability of proteins under highly perturbing conditions, such as in non-aqueous solvents. Applications of btocatalysts and proteins with specific binding capabilities in the chemical industry have been severely limited by constraints placed on the solvent environment. With the advent of convenient methods for altering the amino acid composition and even synthesizing entirely new protein molecules, it is worthwhile to consider engineering proteins for stability in non-aqueous solvents. In order to identify the features that a protein would need for stability in organic media, we have been studying the structure and properties of the hydrophobic protein crambin. Crambin is unique in that it is soluble and stable in very high concentrations of polar organic solvents. Crambin and its water-soluble homologs offer a powerful demonstration of protein engineering for non-aqueous solvents. This paper describes the structural features that contribute to crambin's special properties. Based on these observations and consideration of how non-aqueous solvents affect the interactions important in protein folding, a set of rules for designing non-aqueous solvent-stable proteins is proposed.
Introduction
A survey of the attempts that have been made to improve protein stability or catalytic activity by site-directed mutagenesis will convince the observer that this is a difficult and poorly understood undertaking. While there is considerable flexibility in substituting non-essential amino acids at protein surfaces, changes in the residues critical to biological function often cause destabilization and loss of activity. It is difficult to improve a structure that is highly developed and already quite beautifully designed for specific properties. In other words, there may not be a great deal of room for improvement. This is not the case, however, if one is attempting to create new properties-properties which the molecule has not evolved to exhibit.
Nature has not designed most enzymes to work in a nonaqueous environment, and, as a result, many enzymes are destabilized by the addition of organic solvents. In such a highly perturbed system there is a great deal of room for improvement. It is anticipated that carefully directed amino acid substitutions will lead to improved performance for proteins in otherwise unfavorable environments such as organic solvents.
Recent demonstrations of enzyme activity in non-aqueous solvents have greatly expanded the possible industrial applications of biocatalysts. The ability to use enzymes in a non-aqueous environment offers a tantalizing array of synthetic possibilities: the remarkable specificities of enzymes can be exploited in a variety of synthetic reactions that would be impractical in aqueous solution. At extremely low water activities, the thermodynamic equilibria of hydrolytic reactions can be shifted to favor the joining of specific peptide fragments or the synthesis of complex, biologically active carbohydrates. In non-aqueous solvents, enzymes could perform biospecific transformations on the many organic compounds poorly soluble in water. The many advantages of enzymatic catalysis in organic solvents include greater enzyme stability, smaller reactor volumes, alterations in reaction specificity and greater ease in product recovery. The applications for proteins in non-aqueous solvents are not limited to biocatalysis: organic solvent-stable binding proteins could also be used in the detection and removal of toxic wastes from organic media, for environmental monitoring and for biospecific separations in organic solvents.
Numerous examples of enzyme catalysis in organic solvents have appeared in the literature and have been reviewed elsewhere (Butler, 1979; Klibanov, 1986; Hailing, 1987; Laane et at., 1987a) . After proper pretreatment (Klibanov, 1986 ) the stability of an enzyme suspension in a non-aqueous solvent is in general related to the hydrophobicity of the solvent (Laane et al., 1985 (Laane et al., , 1987b . Some enzymes suspended in non-polar, water-immiscible solvents are extremely stable, even at high temperatures (Zaks and Klibanov, 1984) . Low solubilities for some important reactants and problems associated with the aggregation of the enzymes, however, may argue against the use of very non-polar solvents for some enzymatic syntheses. On the other hand, the polar, water-miscible organic solvents in which enzymes will dissolve cause denaturation and loss of catalytic activity (Butler, 1979) .
For enzyme suspensions in relatively non-polar solvents, it has been suggested that more polar solvents strip or distort water molecules at the protein surface that are essential for stabilizing the active form (Laane et al., 1985 (Laane et al., , 1987b Zaks and Klibanov, 1984, 1985) . There also appears to be a correlation between solvent hydrophobicity and stabilization for proteins dissolved in polar organic solvents and solvent/water mixtures (Arnold, 1988) . Certainly the nature of the solvent and, in particular, its interactions with protein and water are important determinants of protein stability in non-aqueous media. The nature of the protein, however, is equally important. Differences in stability among enzymes in non-aqueous solvents have been observed; some are clearly more resistant to denaturation by organic solvents than are others (Zaks and Klibanov, 1985) .
Enzymes suspended in organic solvents, either as protein aggregates or adsorbed onto solid particles, are sensitive to the distortion or displacement of surface waters. To the extent that interactions between the protein and solvent (residual water and organic solvent) determine stability in these systems, it should be possible to modify the protein surface to improve resistance to solvent-induced denaturation. Attempts at chemical modifica-tion have included attachment of polyethylene glycol to surface residues (Takahashi et al., 1984) and immobilization in hydrophilic polymer matrices (Oyama et al., 1981; Cambou and Klibanov, 1984) ; these modifications are assumed to cause water to be held more tightly at the vicinity of the protein surface. An alternative approach is to modify the compostion of the protein itself. Could one design a protein that requires little or no water at all? Aggregated or adsorbed proteins can presumably be trapped during pretreatment in an active conformation that is maintained in the non-polar organic medium. The destabilizing effects of organic solvents are then limited to the competition between the organic solvent and the protein for essential surface water molecules. Increasing stability in non-polar solvents may simply be a question of reducing the degree to which the protein relies upon water at water-accessible surfaces. For proteins dissolved in polar organic solvents, the situation becomes considerably more complex. Dissolved proteins can sample other conformations which might range from a random coil to improperly folded condensed forms. The modifications necessary for stabilization in non-aqueous solvents that dissolve proteins will necessarily be directed to both internal and external protein elements that can interact with solvent in any of these states. Rules for designing proteins for stability and solubility in non-aqueous solvents must take into account the solvent effects on interactions in all possible conformations.
There has recently been some success with the de novo design and synthesis of folded protein structures in aqueous solution (Ho and DeGrado, 1987) . Many of the considerations that underlie the design of these structures are derived from the same observations and experience that direct mutagenesis experiments (Ho and DeGrado, 1987; Richardson and Richardson, 1987) . Rules derived from redesigning proteins for use in non-aqueous solvents are also applicable to the de novo design of peptides and proteins stable in non-aqueous solvents.
What are the special structural features of a non-aqueous solvent-stable protein, and how might they be incorporated into a protein design strategy? To begin to address this problem, we have been studying a protein that is remarkably stable in organic solvents. The small (mol. wt -4700) hydrophobic plant protein, crambin, is soluble and retains its native structure in very high concentrations of polar organic solvents, including nearly anhydrous methanol, dimethylformamide and glacial acetic acid (De Marco etal., 1981; Arnold, 1988) . Crambin, itself insoluble in aqueous solution, has several water-soluble homologs with similar folded structures (Teeter et al., 1981) . Crambin and its homologs offer a natural demonstration of protein engineering for stability in non-aqueous solvents.
Crambin structure and interactions with solvent
The crystal structure of crambin is known to very high resolution [the crystals diffract to at least 0.83 A resolution (Teeter and Whitlow, 1986) ], and most of the solvent molecules surrounding the protein in the crystals have been located (Hendrickson and Teeter, 1981; Teeter, 1984) . The structure of crambin's backbone is depicted in Figure 1 . Two antiparallel a-helices form an amphipathic stem. A short segment of antiparallel j3-sheet and a classical /3-turn complete the ordered secondary structure elements that make up a large percentage of the protein.
Crambin's inner bend, between the helical stem and the /3-sheet section, is primarily hydrophilic, containing the bulk of crambin's charged residues and polar side chains. As discussed in the original publication of the crystal structure (Hendrickson and . Arg 17 , Glu 23 and the amino terminus are connected via bridging water molecules. While the inner bend is hydrophilic, the left wall and underside of the a-helices are almost entirely hydrophobic. The remainder of the surface is interspersed with fully exposed hydrophobic side chains.
The positions of water molecules in the crambin crystal have been studied in detail, and very interesting observations have been made concerning the protein-solvent interface in this unique protein (Teeter and Whitlow, 1986) . As in other protein crystals, waters in the crambin crystal link polar side chains at the protein surface. As discussed above, waters mediate the interactions between Glu 23 and Arg 17 and between Arg 10 and Asn 14 . Waters are hydrogen bonded to the protein backbone, especially at turn regions where hydrogen bonds are not fulfilled internally. At several positions, however, polar side chains in the protein fold back to form hydrogen bonds to the backbone, reducing the number of sites available for favorable interactions with water molecules. The combination of a high degree of ordered secondary structure and the use of hydrophilic side-chain atoms to satisfy hydrogen bonds in the peptide backbone leaves few sites where water binding is needed to stabilize the folded structure.
Water molecules cluster in pentagonal arrays at a hydrophobic intermolecular contact in the crambin crystal. These arrays are hydrogen bonded at several points to the protein surface, although the majority of the hydrogen bonds formed by water molecules participating in these networks are with other waters. In response to the paucity of favorable sites for interactions on crambin's hydrophobic surface, the water molecules are striving to maximize their interactions with one another (Teeter, 1984) .
Although crambin was crystallized from 60% ethanol, very few of the solvent molecules that were located in the crystals are ethanols (four ethanols versus 72 waters). It appears that in this water/organic solvent crystallization mixture, water is preferentially attracted to the protein surface. At least two ethanol molecules are located adjacent to disordered hydrophobic residues.
Crambin and its water-soluble homologs
Crambin is homologous to a family of plant toxins represented by a r purothionin and viscotoxin A3 (Teeter et al., 1981) . Crambin itself appears to be non-toxic (Hendrickson and Teeter, 1981) . The primary sequences of the three proteins are compared in Figure 2 . The three disulfide bridges in crambin are conserved in all three proteins, while a fourth disulfide occurs in a | -purothionin. The three amino acid sequences are 30% identical and there is considerable Raman (Williams and Teeter, 1984) , CD (M.Whitlow and M.M.Teeter, unpublished results) and NMR (Clore et al., 1987; Lecomte et al., 1987) evidence that the folded structures are very similar. Table I lists the amino acid substitutions that reduce the hydrophobicity of crambin or increase the hydrophilicity of the homologous toxins. While many of these substitutions are found in turns, there are numerous substitutions in the helices and even in the small /3-sheet, a j -purothionin and viscotoxin are highly basic, containing large numbers of charged lysine and arginine residues not found in crambin.
A common type of substitution is one that removes a hydrophilic atom from side chains of the water-soluble proteins. These substitutions are replacement of Thr by Val and De (positions Table I . Amino acid substitutions that reduce the hydrophobicity of crambin and/or increase the hydrophilicity of a l -purothionin (VA3) (a,P) and viscotoxin (Crambin) amino acid VA3, a,P -Crambin 7, 8 and 25) and replacement of Asn by Ser (6 and 11). There are no residues in which these substitutions occur in the opposite direction, placing the more hydrophilic side chain in crambin. In the toxins, the hydrophilic atoms or the associated hydrogens presumably form hydrogen bonds with solvent water molecules. These sites would be left unfulfilled in non-or weakly hydrogen bonding non-aqueous solvents. It is apparent from studying homologous proteins and comparing equivalent proteins from various species that there is substantial flexibility in the amino acid sequence that will accommodate similar folded structures (Rossmann et al., 1974 (Rossmann et al., , 1985 . This concept in fact constitutes the basis of one approach to de novo protein design: beginning with the desired folded structure, one searches for a sequence that will yield that structure (Pabo, 1983; Richardson and Richardson, 1987) . Proteins are particularly tolerant to mutations in surface residues, which in most cases are not expected to disrupt the fine balance of forces that determine folding and stability of the biologically active molecule. Crambin is a non-aqueous solvent-stable homolog of the plant toxins, a natural demonstration of protein engineering for non-aqueous solvents. It should be possible to engineer the corresponding non-aqueous solvent-stable homologs of enzymes and other interesting proteins, using rationally directed amino acid alterations. The next section discusses what the specific goals of the substitutions or de novo design might be.
Protein design for non-aqueous solvents
The stability of a folded protein is the net, marginally favorable result of complex protein-protein, protein-solvent and solvent-solvent interactions. Presuming that the peptide chain(s) can sample other states (a random coil or any partially folded or misfolded configurations), the structure that prevails in a particular solvent environment is that corresponding to the lowest free energy for the system. A strategy for stabilizing a folded structure can rely on either lowering the energy of the folded state (including solvent) or on raising the energy of unfolded or improperly folded states (including solvent).
Electrostatic interactions, hydrogen bonds, hydrophobic interations and Van der Waals forces all contribute to varying extents to determine the stability of a particular structure. The relative contributions of these interactions can be expected to vary, depending on the solvent used. For example, hydrogen bonds between protein and water in a random coil peptide have energies similar to the energy of hydrogen bonds internal to the protein. When protein-protein hydrogen bonds are broken, they are replaced by protein-water hydrogen bonds, and the net change in free energy may be quite small (Klotz and Franzen, 1962; Chothia and Janin, 1975 ). The situation is very different in a non-aqueous solvent. If the non-aqueous solvent forms fewer and/or weaker hydrogen bonds to peptide backbone, then the energy of the unfolded state (or any state with fewer internal protein-protein hydrogen bonds) would increase relative to that of the folded form in which many hydrogen bonds were formed internally. Non-aqueous solvents capable of forming hydrogen bonds to the protein would be expected to be, and indeed are, strong denaturants (e.g. urea, DMSO).
Based on observations of the structure of the non-aqueous solvent-stable protein crambin and a qualitative understanding of the interactions important to protein folding, a list of rules for protein design in organic solvents can be proposed. Many of the basic rules of protein folding in aqueous solution are, of course, preserved: tight internal packing (Ponder and Richards, 1987) , stabilization of salt bridges by hydrogen bonds to hydrophilic side chains (Warshel et al., 1984) , internal crosslinking, favorable helix-dipole interactions and so forth. The rules for designing a stable protein structure for non-aqueous solvents, listed in Table n, are to be considered as special emphases or alterations in rules devised for proper folding and stability in aqueous solution (Baldwin and Eisenberg, 1987) . Internally satisfied hydrogen bonds Non-aqueous solvents do not have the special hydrogen-bonding capabilities of water. Without the stabilizing hydrogen bonds to peptide backbone amide and carbonyl groups, the random coil form in a non-aqueous solvent would be energetically disfavored with respect to a folded form in which some fraction of these bonds are fulfilled internally. A non-aqueous solvent-stable protein might then contain a high fraction of classical secondary structure, with few irregular and loop regions. Where hydrogen bonds are not formed in secondary structure elements, hydrophilic atoms of side chains could complete them.
Salt bridges
Salt bridges are likely to be very important contributors to the stability of a protein's folded structure in non-aqueous solvents. Free charges in organic media are disfavored, providing a considerable driving force to fold the protein in such a way that charges come together in salt bridges that can be stabilized by permanent protein dipoles (Warshel et al., 1984) . The majority of salt bridges in proteins occur at the surface and serve mainly to stabilize tertiary folding rather than secondary structure elements (Barlow and Thornton, 1983) . In non-aqueous solventstable proteins, salt bridges could partially compensate for the loss of hydrophobic interactions in stabilizing tertiary structure (see Internal crosslinking).
Hydrophobic surface
Hydrophobic side chains placed on the protein surface may confer a small advantage to the folded structure and will certainly improve solubility in less polar solvents. It is a gross oversimplification, however, to think of stability in non-aqueous solvents as simply the reverse of the hydrophilic-residuesout-hydrophobic-residues-in concept. Just as water-soluble proteins have large numbers of solvent-exposed hydrophobic side chains, crambin has a large number of solvent-exposed hydrophilic side chains, including charged residues. The key is that these hydrophilic residues are very often participating in saltbridge and hydrogen-bond networks. In designing a protein for stability in non-aqueous solvents, it may be advantageous to avoid surface charges that cannot be stabilized by interactions with other hydrophilic moieties.
Internal crosslinking
In non-aqueous solvents, the hydrophobic driving forces for protein folding will be drastically altered. It may be possible to compensate for this in some part by resorting to crosslinks in the form of disulfide bridges or salt bridges. The role of the disulfide bridges in non-aqueous solvent-stable proteins would be the same as in aqueous solution: to alter configurational entropy contributions from the unfolded states. Specific interactions in the form of salt bridges and internal hydrogen bonds may be needed to pull secondary structures together. In the absence of the hydrophobic driving force, Van der Waals interactions between tightly packed interior residues may play a particularly important role in determining the folded structure.
Crambin uses all of these devices in maintaining its folded structure in non-aqueous media. Nearly all of crambin's charged residues participate in a network of salt bridges and hydrogen bonds. Crambin has a very high degree of ordered secondary structure and internally fulfilled hydrogen bonds. A number of hydrophobic side chains on the surface contribute to crambin's high solubility in organic solvents, and three disulfide bridges serve to hold elements of secondary structure in place.
The relative importance of each of these devices in maintaining crambin's stability in polar organic media is not known. We have recently synthesized and expressed a gene for crambin in Escherichia coli (W.G.Antypas, J.H.Richards and F.H.Arnold, in preparation) and are constructing selected mutant proteins designed to assess the importance of various elements in determining the unique properties of crambin.
As discussed previously, for protein suspended in non-polar organic solvents, it may be necessary only to make modifications in surface residues in order to increase stability. The critical issue appears to rest with the role of water molecules in stabilizing polar atoms on the protein surface: solvation of charged groups and formation of hydrogen bonds. A protein with a reduced number of sites for interaction with water should be able to withstand a higher degree of distortion or displacement of water molecules by the organic solvent.
Conclusions
Crambin provides convincing evidence that proteins can be stable and soluble in high concentrations of polar organic solvents. Crambin and its water-soluble homologs appear to have similar structures in very different solvents, an indication that alterations in the amino acid sequence can indeed increase protein solubility and stability in non-aqueous solvents without drastic changes in structure.
Since most proteins are drastically and adversely affected by the addition of high concentrations of polar solvents, there is a great deal of room for improvement by protein engineering techniques. With specific amino acid alterations designed to address the criteria in Table II , it should be possible to stabilize enzymes and other proteins of technological interest for use in non-aqueous solvents. Using these design rules it should also be possible to synthesize, de now, proteins whose folded structures are stable in non-aqueous media.
